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As a result of their stability at elevated temperatures, excitonic Bose-Einstein condensates in 
condensed matter systems offer a unique platform for the study and manipulation of many-
body states. Studies of materials that can host such a condensate in their ground state, named 
excitonic insulators, have received widespread attention, with numerous ongoing efforts aimed 
at establishing the existence of the excitonic condensate and the nature of the interactions that 
lead to this exotic phase of matter. Ta2NiSe5 is a layered chalcogenide material, which has 
recently been shown to host this phase up to a critical temperature Tc = 328 K. However, the 
nature of the spontaneous symmetry breaking leading to the excitonic condensation, whether 
electronic or structural, is unknown. Here, using broadband ultrafast spectroscopy we 
investigate the out-of-equilibrium dynamics of Ta2NiSe5, and demonstrate that the transient 
reflectivity (R/R) in the near infrared range is connected to the low-energy dynamics of the 
excitonic order. R/R mirrors the behaviour of the order parameter of a symmetry broken 
phase, and changes sign as the temperature is raised across Tc. This enables us to track the 
status of the excitonic condensate and to show that the transient response above Tc is that of a 
gapped state, supporting the recently proposed existence of a novel insulating phase of 
preformed excitons at high temperatures. We further demonstrate that the condensate is also 
suppressed at room temperature in the presence of high photoexcitation fluences. From the sub-
50 fs, fluence dependent timescale of the condensate quenching and from the behaviour of the 
photoinduced coherent phonon modes, we conclude that electronic interactions prominently 
underlie the formation of the excitonic order. The observation of a sub-2 ps recovery of the 
symmetry broken phase confirms this conclusion and is of particular interest as this process is 
usually hindered by photoinduced heating in other strongly correlated materials. Our results 
therefore pave the way towards the ultrafast, complete control and manipulation of an exciton 
condensate at room temperature.   
 
 
Ultrafast optical spectroscopy has emerged in recent years as a crucial technique for the study 
and control of correlated electron phases in solid state materials1,2,11–14,3–10  due to its few-
femtosecond time resolution, ability to investigate phenomena on a rather wide energy scale, 
and superior signal-to-noise ratio15. This technique allows one to separate structural, spin, and 
charge contributions to the emergence of these systems’ exotic behaviour by studying the 
timescales required to relax from an out-of-equilibrium state. This information is critical for 
replicating and manipulating these novel quantum phases16. For example, in the study of the 
properties of superconductors (SCs), ultrafast spectroscopy has been essential to uncover the 
microscopic origin of Cooper pair condensation10. 
The proposed excitonic insulating (EI) phase of matter shares numerous similarities in its 
theoretical treatment with the superconducting phase17,18. Below a critical temperature (Tc), an 
excitonic insulator undergoes a spontaneous symmetry breaking resulting in the formation of 
a macroscopic population of condensed electron-hole pairs in its ground state. Concurrently, a 
bandgap opens at the Fermi level, which mirrors the order parameter of the collective phase19. 
Interestingly, as a result of the strong Coulombic nature of the fermion-pair binding, this phase 
can appear at or above room temperature, providing a unique platform for the investigation of 
many-body effects. Additionally, EIs could manifest superfluidity and share features with other 
strongly correlated materials. One example is vanadium dioxide, where an insulating state 
emerges below a certain temperature as a result, at least partially, of electronic correlations. 
The insulator-to-metal photoinduced transition observed in this material has been proposed as 
a platform to obtain ultrafast Bragg switches2.      
Here, we investigate the properties of Ta2NiSe5, a layered van der Waals compound believed 
to be an EI17,18 with Tc~328 K and an excitonic bandgap of ~150 meV at cryogenic 
temperatures. The stabilisation of the bound electron-hole pairs in this material has been 
attributed to its quasi-1D nature (see inset of Fig. 1b), with alternating chains of tantalum and 
nickel atoms in each of the stacked atomic planes20. A number of studies that support the 
hypothesis of an EI phase in Ta2NiSe5 have emerged in the past few years
21–26, and very 
recently the first detection of collective excitations in this system was reported27 and explained 
theoretically28,29. However, further efforts are required to directly study the properties of the EI 
order parameter and to develop a complete microscopic description of the interactions that 
govern this phase. 
In this work, through a combination of temperature dependent, fluence dependent, and multi-
pulse ultrafast broadband spectroscopy, we demonstrate that the optical response of Ta2NiSe5 
in the near infrared (NIR) range maps that of an ordered phase and can be used to track its out-
of-equilibrium evolution. This allows us to establish the timescale of the quench and 
subsequent recovery of the ordered phase under strong photoexcitation, providing a window 
into the mechanisms responsible for the formation of this exotic state of matter. Out results 
show that the formation of the EI phase is in large part driven by electronic contributions to the 
symmetry instability. Above Tc, we observe a transient optical signal typical of systems with 
an energy gap at the Fermi level. We ascribe this behaviour to the existence of an insulating 
state of preformed excitons, as recently theoretically proposed30. Probing the lattice coherent 
response, we confirm that the photoinduced phase transition does not have a thermal or 
structural origin; nevertheless, we identify a strong connection between the ordered phase and 
phononic degrees of freedom.   
We begin by characterizing the transient optical response of Ta2NiSe5 using pump-probe 
spectroscopy at room temperature. Fig. 1a shows the transient reflectivity (ΔR/R) signal of this 
material obtained using 12 fs, 1.8 eV, low fluence (Φpump = 50 uJ/cm2) pump pulses and probed 
using broadband (550 – 1250 nm) pulses. The oscillations in the signal are associated to the 
excitation of coherent phonon modes in the system, which are excited through a resonant 
impulsively stimulated Raman scattering process or a displacive excitation process31. Contrary 
to previous reports23, the ΔR/R signal does not depend on the pump polarisation, but it 
significantly changes with the orientation of the probe polarisation (see Supplementary 
Materials). Indeed, previous equilibrium measurements32,33 demonstrated a more prominent 
dependence of the material reflectivity on temperature when the light is polarised along the in-
plane atomic chains. Analogously, we determine that one probe polarisation is more directly 
related to status of the condensate and limit our measurements to this probe configuration, 
where we assume the probe’s electric field is parallel to the atomic chains. This behaviour, 
together with the wavelength dependence described below, is in close analogy with that 
reported for superconducting systems34–36, and can be ascribed to the difference in the initial 
and final states for the probe-induced transitions. A detailed knowledge of the interband 
selection rules, which is beyond the scope of this work, is required to further investigate this 
aspect. 
To identify the signatures of the proposed phase transition, we investigate the temperature 
dependence of the material response. In Fig. 1b, we present the spectrum of ΔR/R averaged 
between 1 and 2 ps for a series of temperatures and Φpump = 50 uJ/cm2. While the signal shows 
a negligible change in the visible range (particularly at the shortest wavelengths), a more 
significant effect appears in the NIR, where the ΔR/R even flips sign as the temperature is 
increased above Tc. This behaviour becomes even clearer when we plot ΔR/R from this 
wavelength region as a function of time (Fig. 1c). Here we see that the overall signal dynamics 
profoundly change as a function of temperature. At room temperature, the signal magnitude 
increases over ~300 fs and subsequently decays over a time scale of a few hundred 
femtoseconds, while the oscillations continue over a much longer timescale. As we approach 
Tc the signal amplitude rapidly decreases until it is completely replaced by a component of 
opposite sign that does not significantly decay on the timescale of our measurements. In Fig. 
1d, we plot the signal amplitude extracted from a fit of the data (see Supplementary Materials 
for details) as a function of temperature. Interestingly, the amplitude follows remarkably well 
the behaviour of an order parameter with a zero temperature gap of 150 meV37 (dashed line), 
changes sign close to Tc, and remains almost constant as the temperature is further increased. 
The exact temperature at which the signal crosses zero depends weakly on the probe 
wavelength and it is sensitive to its polarisation, which again reflects the details of the transition 
matrix elements involved. However, the overall behaviour is clear at all wavelengths in the 
NIR range. This result exposes a connection between the low-energy physics of the excitonic 
condensate and the high energy electronic transitions probed by NIR light, in analogy with 
observations reported in high-temperature superconducting systems and other strongly 
correlated electron materials36,38–40. Indeed, this response could be expected when considering 
the equilibrium response as a function of temperature41. Therefore, we interpret the drastic 
change in ΔR/R as the result of a shift in the spectral weight of the NIR electronic transition 
into the energy range of the excitonic bandgap.  
Focusing now on the NIR wavelength range, we investigate the effect of changing Φpump on 
the system’s response at room temperature (Fig. 2a). In the low fluence regime, as expected, a 
stronger excitation results in a larger (negative) amplitude of ΔR/R. However, as Φpump is 
further increased, the signal is progressively suppressed, until it becomes positive at early 
times, and then decays until reaching the level of the low fluence signal in ~1.5 ps. A closer 
inspection of the signal rise (Fig. 2b) reveals that the ΔR/R negative transient progressively 
becomes shorter as Φpump is increased, and it is absent at the highest fluences.  
The behaviour of the coherent phonon oscillations can be studied performing a Fourier 
Transform (FT) of the oscillatory component of the signal. At room temperature the FT shows 
the well-known phonon resonances at 1, 2, 2.9, and 3.6 THz (Fig. 2c). As previously 
reported23,42, the 2 THz oscillation is strongly suppressed as we approach Tc and is not visible 
above this temperature. This quenching is associated to the monoclinic to orthorhombic phase 
transition that the crystal structure undergoes20. In Fig. 2d, we present instead the FT as a 
function of Φpump. We see that while the 1, 2.9, and 3.6 THz phonon modes have a rather 
straightforward monotonic behaviour, the 2 THz mode is strongly modified at high Φpump, 
where its resonance is shifted towards lower frequencies and is significantly broadened. 
Interestingly, recent works have suggested that the 2 THz phonon is the most strongly coupled 
to the electronic bands closest to the EI gap, and therefore could be the most influenced as the 
system is perturbed43.  
From these results we develop a microscopic description of the material response. At 
temperatures below Tc, the pump pulse excites highly energetic QPs across the single particle 
excitation gap. At low values of Φpump, the QP population promptly starts to thermalize through 
electron-electron scattering events. As a part of this process, further QP excitations can be 
created through a cascade mechanism in which the QPs transfer some of their kinetic energy 
to carriers in the valence band. The rise of the ΔR/R amplitude reflects this carrier 
multiplication process. Within a few hundred femtoseconds the QPs relax to the edge of the 
single particle excitation gap through electron-phonon scattering processes. Subsequently, the 
QPs recombine across the single particle excitation bandgap and reform bound electron-hole 
pairs by emitting gap-energy bosons (amplitude or Higgs mode of the excitonic condensate44). 
This relaxation process occurs in ~2 ps, after which only the oscillations associated to the 
coherent phonons remain visible. This behaviour is different from that observed in SCs, where 
at temperatures below Tc a bottleneck mechanism involving the re-breaking of Cooper pairs by 
the gap-energy bosons prolongs the QPs population lifetime beyond the intrinsic recombination 
rate45,46. We believe that this difference is the result of a crucial distinction between SCs and 
EIs in the low-energy range of the excitation spectrum. While in SCs the phase or Nambu-
Goldstone mode of the condensate is pushed at energies above the Higgs mode due to the 
Anderson-Higgs mechanism47, this is not the case in Ta2NiSe5, where we recently detected the 
phase mode signature at energies below the excitonic bandgap27. The presence of this low 
energy mode provides a channel for the rapid relaxation of the amplitude mode into pairs of 
phase modes, in analogy with the relaxation of optical phonons into pairs of acoustic ones48. 
These low-energy modes can quickly propagate away from the photoexcited region in addition 
to progressively relaxing into even lower energy excitations. This mechanism can prevent the 
bottleneck effect seen in SCs and allows for a fast relaxation of the QPs.  
This result is in sharp contrast with the behaviour observed for temperatures above Tc, where 
the signal relaxation is drastically slowed down. The absence of a significant decay suggests 
that the system transitions to a gapped phase at high temperatures, with an energy gap larger 
than the available bosonic excitations in the system. In this context, the QPs quickly relax to 
the bottom of the respective energy bands but their lifetime is then limited by the intrinsic 
electron-hole recombination time across the bandgap, which can be of the order of nanoseconds 
in insulating systems49. In agreement with recent theoretical30,50 and experimental21 work, we 
propose that this insulating state is characterized by the existence of preformed excitons but no 
long-range order. While the debate over the nature of the high temperature phase of Ta2NiSe5 
is still ongoing24,51–54, this result clearly points at the existence of a gapped phase.  
Considering now the data in Fig. 2, we can conclude that in the presence of a strong 
photoexcitation, the system undergoes a transient collapse of the EI phase associated to a sign 
inversion of ΔR/R at short pump-probe delays. We attribute the duration of the negative 
transient seen in Fig. 2b to the time required for the complete melting of the excitonic order. 
This allows us to conclude that this process becomes progressively faster until the full quench 
of the excitonic order happens faster than our time resolution. The femtosecond timescale of 
this process excludes the possibility of a thermally driven transition, and the existence of a 
fluence dependent rise time hints at an electronic origin for the ordered phase, as recently 
predicted55. In addition, the very rapid relaxation of the ΔR/R signal towards negative values, 
also hints at the electronic nature of the driving force that restores the excitonic condensate. 
We note that, at long delay times, the signal for high Φpump acquires a small positive baseline, 
which we associate to bolometric heating as concluded in previous works56. These conclusions 
are supported by the observation that the 2 THz mode is not completely suppressed at high 
Φpump, which suggests that the system does not fully transition to the high temperature 
orthorhombic phase. Nonetheless, this phonon appears to be strongly linked to the EI phase 
and the shift in frequency and increased linewidth could be associated to the suppression of 
long-range phase coherence upon photoexcitation6,57–59.  
The complexity of the time resolved response of Ta2NiSe5, particularly for the fluence 
dependent data, limits the possibility of a more quantitative analysis of the material’s relaxation 
process. To address this issue, we perform three-pulse experiments, which are equivalent to 
pump-probe measurements on an out-of-equilibrium state of the system6. In particular (see 
Fig.3a), we use a first laser pulse (Pump1, P1) of varying fluence (ΦP1) to prepare the system 
into a perturbed state. After a delay tP1-P2, a second weak pulse (Pump2, P2, 50 uJ/cm2) further 
excites the material before a final pulse (Pr) is used to probe the state of the system after tP2-
Pr (again we focus on the response of the system in the NIR). By subtracting the signal obtained 
in the presence of P2 and that collected with only the P1 excitation (we identify this signal as 
Δ(ΔR/R)), we can isolate the effect of the weak excitation on the perturbed state. By changing 
tP1-P2 we can gather information on how the photoexcited state evolves (for more details on 
the implementation of this technique see 60).  
Fig. 3b and 3c show the evolution of the Δ(ΔR/R) signal as a function of tP1-P2 for low 
(26 uJ/cm2) and high (529 uJ/cm2) values of ΦP1 respectively. While at low ΦP1 we do not 
observe any significant dependence of the signal on the tP1-P2, the situation changes when the 
initial perturbation is increased. In particular, it is apparent that the sign of Δ(ΔR/R) at early 
tP2-Pr is reversed and consequently becomes negative ~1ps after the P1 excitation. In Fig. 3d, 
we plot the amplitude of the Δ(ΔR/R), for a series of ΦP1. At short delays, the amplitude is 
strongly reduced even at medium values of ΦP1, until it changes sign and becomes positive at 
the highest ΦP1. We note that, in these measurements we cannot observe the quenching process 
of the EI phase. This is likely due to the worse time resolution of the three-pulse measurements 
and to the high combined P1-P2 fluence of most of our measurements. The value that the signal 
amplitude reaches at long delays depends on the number of long-lived QPs that can absorb the 
incoming P2 pulse, and is additionally influenced by the bolometric contribution. The recovery 
time for this signal (τcond), does not significantly change until it clearly increases for the highest 
value of ΦP1 (see Supplementary Materials). This could signify the onset of bottleneck 
processes that slow down the electron-hole recombination rate in the presence of a strong 
photoexcitation that suppresses the condensate and drives the system to the gapped phase. In 
particular, this could reflect the time required for the system to re-establish a long-range phase 
order59.   
We additionally consider the effect of the perturbation induced by P1 on the response of the 
coherent phonons. Fig. 4a shows the FT (on a logarithmic scale) of the oscillatory component 
of Δ(ΔR/R) as a function of the P1 – P2 delays for the case ΦP1 = 26 uJ/cm2. Oscillations in the 
2, 2.9, and 3.6 THz phonon amplitude are present, as it is clear in Fig. 4b where we present the 
linecuts along the resonance frequencies. Nodes and antinodes of these oscillations occur as P2 
coherently amplifies or suppresses the phonons excited by P161,62, and are an indication of these 
modes’ coherence. Interestingly, the 1 THz mode is only very weakly modulated, and instead 
appears partially suppressed at early delays. When we increase ΦP1 (see Fig. 4c), while the 2.9 
and 3.6 THz modes are not significantly affected, a drastic change is observed for the other two 
modes. As evidenced in Fig. 4d, the 1 THz mode is progressively quenched at early times, until 
it is completely suppressed at the highest ΦP1, where it starts recovering only after a delay of 
~0.8 ps. We associate this behaviour with a saturation of the 1 THz mode excitation, which can 
be also deduced from the two-pulse results (see Supplementary Materials). As ΦP1 is increased, 
the perturbed, photoexcited state of the system cannot support the excitation of additional 
1 THz phonons, and therefore the Δ(ΔR/R) signal does not contain any signature of this mode 
at short P1-P2 delays. In addition, the 1 THz phonon mode exhibits a temperature dependent 
saturation (see Supplementary Materials), as at high temperatures, the amplitude of the 
oscillations are nearly independent of Φpump. Moreover, we note that the recovery time of the 
1 THz amplitude closely mirrors τcond.. These results suggest that the saturation of the 1 THz 
mode is associated with the depletion of the excitonic condensate, but further studies are 
required to unveil this connection. Interestingly, the existence of this saturation behaviour 
could shed more light on other previously reported results23,27.  
Lastly, we examine the response of the 2 THz phonon oscillation. In Fig. 4c we see that this 
mode is also strongly affected at early times, but it still shows a coherent oscillation induced 
by P2 before reaching a constant value, which signals the return to the weakly perturbed state. 
A better understanding of the quenching process can be gained by taking finer P1-P2 delay 
steps (Fig. 4e). Here, we observe that the 2 THz mode is promptly broadened, while still 
showing a modulation induced by P2, signalling a residual coherence of the oscillations excited 
by P1. Interestingly, at intermediate values of ΦP1 (Fig. 4f) the broadening appears to be weaker 
and delayed as we would expect from a slower collapse of the EI phase. We again conclude 
that the 2 THz mode is not completely suppressed upon strong photoexcitation, but its softening 
and broadening maps the destruction and reforming of the long-range excitonic order in the 
system. 
Previous measurements on Ta2NiSe5 have suggested that structural degrees of freedom play an 
important role in the formation of the EI phase, raising questions about the nature of the 
symmetry breaking transition. Here we have disentangled phonon and electronic contributions 
to the ordered phase through a combination of temperature and fluence dependent, ultrafast 
spectroscopy techniques, providing a more complete picture of the femtosecond dynamics of 
this material. In analogy with the case of high temperature superconductors, we find that high-
energy electronic transitions track the low-energy physics of the system, allowing us to use the 
response in the NIR as a marker of the EI order parameter.  
We find indications that the excitonic long-range order can be transiently melted under strong 
photoexcitation, progressively faster as Φpump is increased. Under the same conditions, the 2 
THz phonon mode, which is absent at equilibrium in the high temperature phase, only weakens 
and broadens under photoexcitation. This suggests the possibility to access a transient state 
without long-range order, without the need for a structural phase transition. This observation, 
together with the timescale of the EI phase suppression supports the hypothesis of an excitonic 
order driven in large part by electronic interactions.    
Nonetheless, the strong electron-phonon interactions evidenced in our measurements could 
also guide the development of theoretical models aimed at uncovering the nature of the 
connections between these degrees of freedom. In particular, the relationship between the 
possible state with short-range order characterized by topological defects6,57–59 and the 
behaviour of the 1 and 2 THz phonon modes would be an area of great research interest. 
We have also accessed, for the first time, the out-of-equilibrium dynamics of the high-
temperature phase of Ta2NiSe5, believed to host a state of preformed excitons. Further 
investigations of this novel insulating phase could shed more light onto the properties of this 
and other systems characterized by strong electronic interactions. Intriguingly, the discovery 
of a photoinduced, ultrafast sign reversal and recovery of the material reflectivity also 
showcases the possibility of using Ta2NiSe5 as a platform for the development of ultrafast 
optical switches.  
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 Fig. 1. Temperature dependence of the transient reflectivity signal of Ta2NiSe5. (a) ΔR/R signal 
measured at room temperature as a function of pump – probe delay and probe wavelength for 
Φpump = 50 uJ/cm2. (b) Spectra of ΔR/R averaged between 1 and 2 ps for a series of temperatures 
and Φpump = 50 uJ/cm2. The range between 930 and 1130 nm is removed in (a) and (b) to 
eliminate the noise due to residual spectral components of the laser pulses used to generate the 
probe beam. (c) ΔR/R kinetic at 1200 nm corresponding to the data in (b). (d) Temperature 
dependence of the signal amplitude (orange dots) and of a BCS-like order parameter calculated 
using37 ∆(𝑇) ∆(0)⁄ ≈  1.74(1 −  𝑇 𝑇𝑐)⁄
0.5
, valid for 𝑇 ≈ 𝑇𝑐 (blue dashed line). The amplitudes 
are extracted from a fit of the incoherent component of the signal (See SI for more details).  
 Fig. 2. Photoinduced suppression of the excitonic order. (a) ΔR/R kinetic at 1200 nm for 
different values of Φpump. (b) Normalized signal collected with smaller time steps to better 
resolve the behaviour at early times. Data is cut after the coherent artefact for clarity. (c,d) 
Natural logarithm of the Fourier transform (FT) of the oscillatory component of ΔR/R as a 
function of temperature (c) and Φpump (d). 
 
 
 
 Fig. 3. Recovery of the EI phase measured with multi-pulse ultrafast spectroscopy. (a) 
Schematic of the multi-pulse experiment. (b,c) Δ(ΔR/R) signal at 1200 nm as a function of the 
P2 – Pr and P1 – P2 delays for ΦP1 = 26 uJ/cm2 (b) and ΦP1 = 529 uJ/cm2 (c). (d) Evolution of 
the Δ(ΔR/R) amplitude as a function of the P1 – P2 delay for different values of ΦP1.  
 
 Fig. 4. Effect of ΦP1 on the coherent phonon oscillations excited in the system. (a,c) Natural 
logarithm of the FT of Δ(ΔR/R) oscillatory component at 1200 nm as a function of the P1 – P2 
delay for ΦP1 = 26 uJ/cm2 (a) and ΦP1 = 882 uJ/cm2(c). (b) Normalized linecuts at 1, 2, 2.9, and 
3.6 THz of the data in (a).  (d) FT amplitude for the 1 THz resonance as a function of the P1 – 
P2 delay for a series of ΦP1 values. (e,f) Data analogous to (a,c) but collected with higher 
temporal resolution for ΦP1 = 882 uJ/cm2 (e) and ΦP1 = 529 uJ/cm2 (f). 
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In these supplementary notes, we report additional details of the experimental methods and 
data analysis introduced in the main text.  
In Section 1, we present the effect of the probe polarisation on the ΔR/R signal. Additionally, 
we show the temperature dependent data collected using probe pulses polarised orthogonal to 
the Ta and Ni atomic chains (along the c axis, see Fig.1b in the main text).  
In Section 2, we discuss the model used to fit the kinetics of the signal in the NIR wavelength 
range.  
In Section 3, we report the temperature dependence of the signal amplitude at wavelengths 
different from that used in the main text. 
In Section 4, we discuss in more details the behaviour of the Δ(ΔR/R) signal amplitude as a 
function of ΦP1. 
In Section 5, we present the temperature and fluence dependence of the 1 THz phonon mode 
deduced from two-pulse measurements.  
 
1. Effect of probe polarisation 
 
The transient reflectivity signal of Ta2NiSe5 in the visible and near infra-red (NIR) region 
strongly depends on the orientation of the probe polarisation, as it is expected from equilibrium 
optical measurements1,2. Fig. S1a shows the ΔR/R spectra (averaged between 0.5 and 1 ps) 
collected for probe polarisations along the a and c axis at room temperature and using a pump 
fluence Φpump = 45 uJ/cm2. We attribute this drastic difference to the strong 1D nature of 
Ta2NiSe5, which implies that different probe polarisation are sensitive to different electronic 
transitions.  
In Fig. S1b we present the evolution of the transient reflectivity spectra as a function of 
temperature for a probe polarisation along the c axis. The signal in the NIR shows a strong 
temperature dependence but, contrary to the behaviour presented in Fig. 1b of the main text, it 
does not appear to saturate as the temperature rises above Tc. Remarkably, the signal in the 
visible range shows no dependence on the temperature. Further studies are required to 
determine the nature of the electronic transitions involved in the material’s optical response 
and their relationship to its electronic properties. 
 
Fig. S1. (a) Comparison of the ΔR/R signal for a probe polarisation oriented along the a (orange) and c (blue) axis 
of the Ta2NiSe5 crystal. (b) Spectra of the ΔR/R signal collected with a probe polarisation along the c axis for a 
series of temperatures.  
 
 
Section 2 – Fitting model 
 
The fit of the electronic (incoherent) component of the signal for all temperatures and fluences 
is hindered by the drastic change in the kinetics as a function of these physical quantities. For 
this reason we are not able to provide a complete quantitative analysis of all fitting parameters. 
We focus instead only on the value of the signal amplitude, whose behaviour is not influenced 
by the specifics of the fitting function used. In addition, we employ this fitting procedure to 
isolate the coherent component of the signal associated to the phonon oscillations.  
We consider a functional form commonly used to describe the transient optical response in 
condensed matter systems3,4: 
 
∆𝑅(𝑡)
𝑅
=  {
𝐴1
2
× [𝑒𝑟𝑓 (
𝑡 − 𝑡0
𝜏𝑟,1
) + 1] × [exp (−
𝑡 − 𝑡0
𝜏𝑑
)]} + {
𝐴2
2
× [𝑒𝑟𝑓 (
𝑡 − 𝑡0
𝜏𝑟,2
) + 1]} (1) 
 
The terms in curly brackets are associated to the rise and decay of the signal at early times (< 
2 ps) and to the slow signal growth at long times (> 2ps) respectively. In particular, 𝐴1 and 𝐴2 
are the amplitudes of these two components, the error functions describe the rise of the signal 
with characteristic time 𝜏𝑟,1 and 𝜏𝑟,2, and the exponential term captures the signal decay with 
characteristic time 𝜏𝑑. 
In Fig. S2, we show a subset of the kinetics traces from Fig.1c with the relative fit obtained 
using Eq. (1). 
 
Fig. S2. (a) Kinetic of the ΔR/R signal at a probe wavelength of 1200 nm (orange solid lines), as in Fig. 1c. The 
dashed lines are the fit to the data calculated using Eq. (1).   
 
 Section 3 – Wavelength dependence of temperature behaviour 
In Fig. S3 we present the dependence of 𝐴1 as a function of temperature (in analogy with the 
plot in Fig. 1d of the main text) for 2 additional wavelengths in the NIR. As mentioned in the 
main text, the precise temperature at which the signal switches sign shifts slightly as a function 
of the probe wavelength, but the overall behaviour is consistent across the NIR range detected 
in our measurements. We note that the dashed line is obtained with the same equation used in 
the main text, in particular using the same value for Tc = 328 K.  
 
 
Fig. S3. Amplitude of the ΔR/R signal as a function of temperature (orange dots) in correspondence of a probe 
wavelength of (a) 1150 nm and (b) 1250 nm. As in the main text the blue dashed line represents the temperature 
dependence of a BCS-like order parameter calculated using> ∆(𝑇) ∆(0)⁄ ≈  1.74(1 −  𝑇 𝑇𝑐)⁄
0.5
, with 𝑇𝑐= 328 K. 
 
Section 4 – Decay of the signal amplitude in the multi-pulse scheme 
In Fig. S4 we report the data of Fig. 3d normalised to enable a comparison of the signal recovery 
time τcond. Here we see that, while no clear increase in τcond is observed for the lower values of 
ΦP1, a slower relaxation process becomes obvious for ΦP1 = 882 uJ/cm2. We attribute this to 
the strong suppression of the excitonic condensate at high excitation fluences, which results in 
the transition of the system to an insulating phase of uncorrelated excitons (pre-formed exciton 
phase). The slower recovery could also be associated to the presence of topological defects 
separating regions with non-zero order parameter, as previously observed in other systems6–9. 
 
 
Fig. S4. Evolution of the normalised Δ(ΔR/R) amplitude as a function of the P1 – P2 delay for different values of 
ΦP1.   
 
Section 5 – Temperature and fluence dependence of 1 THz phonon 
mode 
Fig. S5 summarises the effect of temperature and excitation fluence on the amplitude of the 
1 THz phonon mode (𝐴𝑝ℎ,1) extracted using the two-pulse technique. While at the lowest 
fluence 𝐴𝑝ℎ,1𝑇𝐻𝑧 is independent from the sample temperature, we observe that under stronger 
photoexcitation a saturation is reached much faster at high temperatures. This data 
complements the results described in Fig. 4 of the main text and supports the claim that the 
behaviour of the 1 THz phonon is intimately connected with the material state. At the same 
time, this observation calls for a reassessment of the data interpretation advanced in previous 
works4. 
 
 Fig. S5. Amplitude of the 1 THz phonon mode measured with the two-pulse pump-probe technique (a) as a 
function of pump fluence for a series of temperatures and (b) as a function of temperature for three different pump 
fluences.   
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